The fertility of fish is a key factor in fish breeding. RNA-seq is widely used in high-throughput sequencing and provides a rapid method to examine the molecular mechanisms underlying a biological process. To probe fertility-related molecular mechanisms, we obtained testis transcriptomes from diploid and triploid cyprinid fish and tested for differentially expressed genes (DEGs) in the testis. A total of 6730 transcripts were differentially expressed between the triploid and diploid fish. In these transcripts, 2428 transcripts showed reduced expression and 4302 transcripts were overexpressed in triploid fish compared to the diploid fish. Functional analyses revealed that partial genes related to reproductive, developmental, and locomotion processes, and the axoneme, were differentially expressed in triploid fish relative to diploid fish. Pathway analysis indicated that variations in the gene expression levels of the ''ubiquinone and other terpenoid-quinone biosynthesis pathway'' and the ''apoptotic pathway'' played a central role in the sterility of triploid male fish. A series of genes (DNAHs, DNAL1, IFTs, and DNAAF1) associated with sperm flagellar assembly and motility, and testis-specific candidate markers (Tcte1, Tekt1, Tekt4, Spag17, Spag5, Spag9a, Spag1b, and Spef2), had low expression levels in the testis of triploid fish. We validated these DEGs in triploid fish using quantitative PCR to quantify expression of eight representative genes. Furthermore, 276 putative transcription factors, 6 chromatin remodeling factors, and 35 transcription cofactors exhibited differential expression in triploid compared to diploid fish. This study provides insight into the regulatory mechanisms causing sterility in male triploid fish.
INTRODUCTION
Spermatogenesis is a complex process of cellular transformation that produces mature male gametes for sexual reproduction. Normal sperm are essential to produce offspring and, thus, for the evolution of a species. In animals, a number of factors may cause male infertility, including genetic conditions, diseases, and nutritional factors. In general, triploid individuals are sterile because of mechanical difficulties associated with the pairing of homologous chromosomes during meiosis [1, 2] ; males of triploid crustaceans [3, 4] , mollusks [5, 6] , and fish [2] are all sterile.
Triploidization in fish during culture is most common in cyprinids, salmonids, and catostomids. The effects of triploidization on gonadal development and gametogenesis were documented by a number of researchers [1] . For example, gonadal tissue was altered in structure in triploid male Indian catfish (Heteropneustes fossilis) [7] , spermiogenesis and spermiation were blocked in triploid sea bass (Dicentrarchus labrax) [8] and rainbow trout (Oncorhynchus mykiss) [9] , and sperm production was decreased in triploid gilthead seabream (Sparus aurata) [10] and yellowtail flounder (Limanda ferruginea) [11] .
Red crucian carp (Carassius auratus red var.) (2n ¼ 100) and common carp (Cyprinus carpio L.) (2n ¼ 100) are the members of the Cyprinidae. In our previous studies, red crucian carp (female) and common carp (male) were artificially hybridized to produce viable diploid hybrid F 1 offspring. Hybrid F 1 and F 2 individuals were then self-crossed to produce a hybrid F 3 generation. In the hybrid F 3 individuals, we detected bisexual fertile allotetraploid fish (4n ¼ 200). Thereafter, we established a stable strain of allotetraploid fish by continuous self-crossing. Thus far, we have obtained hybrid F 23 individuals of allotetraploid fish [12] . Triploid fish (3n ¼ 150) were then produced by crossing the tetraploid males with diploid female red crucian carp [13] [14] [15] . The triploid fish were sterile. The testis of the tetraploid carp developed normally and produced normal spermatozoa, whereas the testis of the triploid carp did not produce normal sperm. Instead, the germ cells developed into round spermatids, and then degenerated [16] .
To explain the possible mechanisms of male sterility in triploid crucian carp, Zhang et al. reported the coexistence of bivalents and univalents during meiosis I in the testis of the triploid fish, resulting in the generation of abnormal gametes [17] . Long et al. noted that many endocrine secretory vesicles remained in the gonadotropic hormone-producing (GTH) cells of the mesoadenohypophysis in triploid fish after the breeding season, and suggested that sterility might be related to hormone release by the GTH cells [18] . Studies on the cellular, histological, and steroidal levels were undertaken to trace the cause of triploid male sterility, but research on the molecular level has been limited, particularly on the transcriptome or proteome level. A more thorough understanding of the mechanisms controlling triploid sterility depends on obtaining more comprehensive molecular data.
RNA-seq is a recently developed method to analyze transcriptomes in a very high-throughput and quantitative manner [19] . It has the advantages of being highly accurate for quantifying expression levels and being independent of genomic sequence data. RNA-seq is increasingly used for quantitative studies of differential gene expression in both model and nonmodel species [20] . Correspondingly, in recent years, more testis transcriptome analyses have been performed using RNA-seq. Testis transcriptomes were profiled by RNAseq approaches in vertebrates, such as mammals [21] , birds [22] , fish [23, 24] , and amphibians [25] , and in invertebrates, such as shellfish [26, 27] , insects [28, 29] , and nematodes [30] . The construction of these transcriptomes provides a comprehensive view of the potential molecular mechanisms underlying male fertility.
Here, we present an analysis of the transcriptomes from the mature testis of diploid and triploid cyprinid fish. We focused on identifying genes differentially expressed during spermatogenesis in triploid fish, relative to diploids, to elucidate the molecular and genetic mechanisms that may contribute to the sterility of the male triploids.
MATERIALS AND METHODS

Experimental Fish
Male diploid fish and triploid fish (2 yr old) were collected from the Engineering Center for Polyploidy Fish Breeding of the National Education Ministry, Hunan Normal University. All of the collected fish were housed for 1 yr at an appropriate school density in a 0.067-hectare open pool. The water pH range was 7.0-8.5, and the dissolved oxygen range was 5.0-8.0 mg/L. Animal experimenters were certified under a professional training course for laboratory animal practitioners held by the Institute of Experimental Animals, Hunan Province, China. All fish were euthanized using 2-phenoxyethanol (Sigma) before being dissected. The fish were treated humanely following the regulations of the Administration of Affairs Concerning Experimental Animals for the Science and Technology Bureau of China. Testes were removed surgically, and most of the tissue was immersed in RNAlater (Invitrogen, Carlsbad, CA) and stored at À208C for total RNA extraction. The remaining testis tissue was fixed in 3% glutaraldehyde solution for histological analysis. Testicular tissues from nine different individuals were selected from each ploidy group. We prepared three sets of testicular RNA for biological replicates for each group. Each set of RNA was pooled RNA extracted from the testicular tissue of three different individuals.
RNA Isolation, cDNA Library Construction, and Sequencing
Total RNA was isolated from testicular tissues using the TRIzol Reagent (Invitrogen) following the manufacturer's protocol. Total RNA samples with 28S:18S ratios within the range of 1.8-2.0 and an RNA integrity number ranging from 8.0 to 10.0 were used for further processing. After removing genomic DNA using DNase I (Fermentas, Lithuania), the construction of cDNA from 1 lg of total RNA per sample was performed following the protocol for the Illumina HiSeqTM 2500 (Illumina). To select cDNA fragments of 250-350 bp in length, the library fragments were purified with the AMPure XP system (Beckman Coulter). Next, the size-selected, adaptor-ligated cDNA was incubated with 3 ll of USER Enzyme (NEB) at 378C for 15 min, followed by 5 min at 958C. PCR was then performed using the Phusion High-Fidelity DNA polymerase (Thermo Scientific), Universal PCR primers (New England BioLabs), and the Index (X) Primer (New England BioLabs). PCR products were purified (AMPure XP system; Beckman Coulter), and library quality was assessed on the Agilent Bioanalyzer 2100 system (Agilent Technologies, Inc.). Clustering of the index-coded samples was then performed using a cBot Cluster Generation System using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according to the manufacturer's instructions. After cluster generation, the library preparations were sequenced on an Illumina Hiseq 2500 platform, and paired-end reads were generated.
Data Processing and De Novo Assembly of the Transcriptome
Raw reads were filtered using the FastQC software (Babraham Bioinformatics) [31] to obtain the paired-end clean reads. All the clean reads were used for assembly using Trinity (parameters: minimum assembled contig length to report ¼ 100 bp; maximum length expected between fragment pairs ¼ 250 bp; and min count for K-mers to be assembled by Inchworm ¼ 4), which is specific for de novo assembly of short reads [32, 33] . We then used TGICL (The Institute for Genomic Research, Rockville, MD; parameters: minimum overlap length ¼ 40 bp and maximum length of unmatched overhangs ¼ 20 bp) to remove redundant sequences and perform further assembly [34] .
Transcript Functional Annotation
The assembled transcripts were annotated by BLASTx (NCBI) against the protein databases of the National Center for Biotechnology Information (NCBI) nonredundant (Nr), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters of Orthologous Groups (COG), and Gene Ontology (GO) with an e-value of 1eÀ5. After these steps, we obtained functional information for the protein-coding genes of these contigs. GO annotation was performed according to the Nr annotation using the Blast2GO software (BioBam) [35] , and then GO functional classification was classified using the WEGO software (Beijing Genomics Institute) [36] . Last, we identified the relevant biological pathways through gene enrichment analyses of KEGG categories and annotation [37] .
Transcript Expression Levels and Detection of Differentially Expressed Transcripts
To identify differentially expressed transcripts (DETs) in the testes of diploid and triploid cyprinid fish, we used the CD-HIT software (SanfordBurnham Medical Research Institute) [38] (CD-HIT-EST: sequence identity threshold ¼ 0.9; tolerance for redundance ¼ 5; and word length ¼ 10) to cluster transcripts and remove redundant sequences in transcriptomes of the different ploidy cyprinid fish and obtained referenced sequence data. Then, we used BLAT (University of California Santa Cruz) [39] to align paired-end reads to these reference sequences in each transcriptome, and calculated the numbers of fragments that mapped to each reference transcript. The transcript expression level was calculated using the fragments per kilobase per million fragments mapped (FPKM) method [40] . To reduce the noise of short transcripts with lower expression, we filtered out the reference transcripts in which the FPKM was ,0.07 in all samples of each group. Finally, we used DEseq [41] in R (University of Auckland) to search for DETs using a false discovery rate (FDR) of ,0.001 and a threshold normalized absolute log 2 fold change of !2.
DET Analysis
To detect transcripts that may be related to male triploid fish sterility, we identified the DETs in the testis of triploid compared to diploid fish. To fully understand the function of DETs in the triploid fish, we investigated the biological processes and pathways in which they were enriched. The WEGO software was used to classify the GO terms of the DETs; KOBAS (Center for Bioinformatics Peking University) [42] was then used to map the DETs to KEGG pathways based on their annotation. KEGG pathways with corrected P values 0.05 were considered to be statistically enriched.
We obtained the sequences of 1916 transcription factors (TFs) in 70 families, 58 chromatin remodeling factors (CRFs), and 158 transcription cofactors (TcoFs) from Danio rerio in the Animal Transcription Factor Database (Animal TFDB) [43] . To predict TFs, we first used BLAST with an evalue of 1eÀ5 to run our assembled sequences against the protein databases from D. rerio, which were downloaded from Ensembl (http://www.ensembl. org/index.html). We then combined the top hit against the zebrafish database with the collected annotation information of TFs in D. rerio. Using these same methods, differentially expressed TFs, CRFs, and TcoFs were identified.
Quantitative Real-Time PCR Analysis
The total RNAs, extracted from the remaining testicular tissue, were used for quantitative PCR (qPCR) analysis. The real-time PCR analysis was performed using the Prism 7500 Sequence Detection System (Applied XU ET AL.
Biosystems) with a miScript SYBR Green PCR kit (Qiagen). Real-time qPCR was performed on biological replicates in triplicate (and triplicate technical qPCR replicates). The amplification conditions were as follows: 508C for 5 min and 958C for 10 min, followed by 40 cycles at 958C for 15 sec and 608C for 45 sec. The average threshold cycle (Ct) was calculated for each sample using the 2 À44Ct method, and normalized to b-actin. Finally, a melting curve analysis was completed to validate the specific generation of the expected product. Primers are available in Supplemental Table S1 (Supplemental Data are available online at www.biolreprod.org).
Electron Microscope Analysis of Spermatozoa
The testis tissues of diploid and triploid fish were collected and then fixed in 3% glutaraldehyde solution, washed with phosphate buffer, transferred into an osmic acid solution, dehydrated in a graded acetone series, and finally embedded in Epon812. Ultrathin sections were cut and stained with uranyl acetate and lead citrate. A JEOL-1230 transmission electron microscope (Japan Electron Optics Laboratory) was used to observe the ultrastructure of these samples.
RESULTS
Transcriptome Assembly and Annotation
The complete clean reads for these libraries have been uploaded to the NCBI Sequence Read Archive site (http:// www.ncbi.nlm.nih.gov/sra/; accession nos. SRX699280, SRX857397, SRX857398, SRX700526, and SRX699278). After de novo assembly, elimination of redundant sequences, and further assembly, we obtained the final transcripts for each sample from the two ploidy groups. The final transcript data sets from the three diploid samples were also pooled assembled for subsequent analyses, as were those of the triploid group. The quality of assembled transcripts from the diploid testes was slightly higher than that of the triploid testes.
The noise from short transcripts influences the results of annotation and the intuitive analysis of the data, and, therefore, to weaken the short transcript noise in the pooled assembled transcriptomes, we chose one representative transcriptome from each group, which was separately assembled and used to comprehensively analyze the annotation and function of genes in the transcriptomes. The annotation revealed that 60 562 (85.29%) and 78 165 (82.31%) of the assembled transcripts in the representative diploid and triploid transcriptomes, respectively, had at least one positive hit. Detailed annotated information is provided in Supplemental Table S2 .
Functional Enrichment Analysis of Annotated Unigenes
We assigned GO terms to 40.3% (28 593) of transcripts in the representative sample of testis from diploid fish, and to 37.5% in the triploid fish sample (Fig. 1) . The GO term classifications were similar among these two groups with little variation in molecular function, including the protein tag (GO:0031386), chemoattractant activity (GO:0042056), chemorepellent activity (GO:0045499), and metallochaperone activity (GO:0016530) terms.
Using COG annotation, 12 918 unigenes in the representative diploid transcriptome were assigned to 26 functional categories, as were 14 408 unigenes in the triploid transcriptome. The majority of annotated unigenes in the diploid group were assigned to ''General function prediction only,'' ''Replication, recombination, and repair,'' ''Transcription,'' and ''Translation, ribosomal structure, and biogenesis'' (Fig.  2) . The COG annotation of triploid testis unigenes was similar to that of the diploid.
A total of 29 743 (41.89%) annotated unigenes were enriched into 258 predicted KEGG pathways in the representative transcriptome of the diploid fish testis. In triploid fish testis, 37 416 (39.6%) transcripts were mapped into 259 KEGG pathways. Partially enriched pathways are shown in Supplemental Table S3 . In the diploid transcriptome, the pathways related to spermatogenesis, including regulation of the actin cytoskeleton, focal adhesion, the MAPK signaling pathway, RNA transport, spliceosomes, the mRNA surveillance pathway, and oocyte meiosis, were enriched.
Detection of DETs
We used the Benjamini-Hochberg method [44] and defined an expression level of .4-fold change and FDRs of no more than 0.001 to filter genes with significant differential expression between these two ploidy types. A comparison of expression levels in the testes of the diploid and triploid groups revealed that 4302 transcripts were overexpressed and 2428 transcripts were reduced in expression in testes of the triploid fish compared to those of the diploid fish ( Fig. 3 and Supplemental File S1).
Enrichment Analysis of Differentially Expressed Genes
The GO analysis classified 3593 annotated DETs into 18, 23, and 14 main subgroups (at level 2) in the cellular component, molecular function, and biological process categories, respectively (Fig. 4) . Among the cellular components, axoneme (GO:0005930), axoneme part (GO:0044447), and stereocilium membrane (GO:0060171), which may be related to spermatogenesis, were enriched. Additionally, the GO categories for reproduction (GO:0000003), reproductive process (GO:0022414), sexual reproduction (0019953), reproductive developmental process (0003006), gamete generation (0007276), locomotion (GO:0040011), and cell motility (0048870), classifications directly related to reproduction, were identified in the biological process category.
In contrast to GO enrichment, pathway enrichment summarizes the complex networks of genes in maps for improved visualization and comprehension. Multiple pathways, including the ''Ubiquinone and other terpenoid-quinone biosynthesis,'' ''Adipocytokine signaling pathway,'' ''Fanconi anemia pathway,'' ''Apoptosis,'' and ''Cytosolic DNA-sensing pathway,'' were clearly enriched in DETs (Table 1) . In previous studies, ''Ubiquinone and other terpenoid-quinone biosynthesis'' and ''Apoptosis'' pathways were associated with spermatogenesis. Thus, the enrichments of DETs in these biological pathways may be correlated with sterility of the triploid males.
Analysis of Putative TFs
We used the TF database of D. rerio in the Animal TFDB as a reference to predict putative TFs in the testis of cyprinid fish using the representative transcriptome from each group. We identified 1274 putative TFs from 67 TF families in the pooled data from the two representative transcriptomes. Additionally, 56 putative CRFs and 153 putative TcoFs were identified in the corresponding databases. These analyses provide a perspective by which to comprehend the roles of TFs, CRFs, and TcoFs during spermatogenesis in freshwater cyprinids (Supplemental File S2).
Among the TFs, 276 putative TFs from 48 families were differentially expressed (Supplemental File S3) in the testes of the ploidy groups. Among these 276 TFs, 69 were expressed at reduced levels, and 207 were overexpressed in the testis of the triploid fish relative to the diploid. Using the same methods, we detected 35 putative TcoFs and 6 putative CRFs that were differentially expressed. Among these 35 putative TcoFs, 5
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were reduced in expression, and 30 were overexpressed in triploid fish compared to those in the diploid fish. Among the six putative CRFs, four were overexpressed, and two were expressed at reduced levels in the triploid fish compared to those in the diploid fish.
Quantitative PCR Validation
To validate the quality of RNA-seq data and the reliability of the triploid DETs, we chose eight representative differentially expressed genes (DEGs) and performed qPCR on biological replicates in triplicate. The same trends in expression levels of these genes were detected by qPCR as were obtained from the RNA-seq data analysis (Fig. 5 , Supplemental Figure  S1 , and Supplemental Table S4 ). These results indicate that RNA-seq data and associated analysis methodologies can be used to accurately detect DEGs.
Comparative Spermatozoal Structure
The microscopic structure of testes from diploid and triploid fish were compared by transmission electron microscopy (TEM). The nuclei in the diploid sperm heads were normal (Fig. 6, A and B) , whereas the nuclei in the triploid sperm heads were misshapen and abnormal (Fig. 6, C and D) . Partial midpieces of sperm could be easily observed, and examination of these structures by high-resolution TEM clearly showed that, during spermiogenesis, elongated spermatids of triploid fish did not form normal nuclei and integrated tails. This evidence provided a powerful verification of the sterility of the triploid fish, and reinforces the usefulness of exploring global molecular mechanisms using RNA-seq.
DISCUSSION
In our early studies, triploid male cyprinid fish were demonstrated to be sterile based on the microstructure and ultrastructure of the testis [16] . Changes during meiosis and spermiogenesis led to a deficiency in normal sperm [17] . To analyze the complex process of spermatogenesis, RNA-seq was used for comprehensive transcript analysis of testes in a number of species [23, 27, [45] [46] [47] [48] [49] . In this study, we constructed RNA-seq libraries of the testes from diploid and triploid cyprinids and found DEGs that were associated with the sterility of triploid male fish. To the best of our knowledge, this study is the first global transcript analysis of the testis from triploid fish, and also provides support for the whole-genome annotation of cyprinid fish.
Effect of Ploidy on Gene Expression in Cyprinids
The transcriptome annotation revealed that most transcripts had annotated orthologs in D. rerio (the model cyprinid), so subsequent analyses were based on D. rerio genomic information. The patterns of COG classification of all annotated transcripts in the transcriptomes were similar among the two ploidy groups. Obvious divergences appeared when the transcriptomes were compared with the COG classifications of other cDNA libraries (e.g., Chinese mitten crab [27] and softshelled turtle [50] ). Thus, we suggest that the COG classifications of cDNA libraries may be used for species distinction and identification.
The annotation and enrichment of the GO, COG, and KEGG pathways was similar among the two representative transcriptomes for each group. Thus, although there was phenotypic variation in the testes among these two groups, the range of expressed transcripts was limited, and the most important factor may be the differences in the expression levels of particular genes.
Analysis of DETs
Identification of DETs among the two different transcriptomes suggests that the testis of the triploid fish had a different genetic profile relative to that of diploid fish. We detected 6730 DETs in the triploid testis that were differentially expressed relative to those in the diploid testis. GO enrichment of DETs revealed that the variation in spermatogenesis was related to cellular components and biological processes, such as the axoneme (GO:0005930), cilium axoneme (GO:0035085), coenzyme binding (GO:0050662), spermatid development (GO:0007286), sperm axoneme assembly (GO:0007288), spermatid nucleus differentiation (GO:0007289), male gamete generation (GO:0048232), cell motility (GO:0048870), ciliary or flagellar motility (GO:0001539), spermatid differentiation (GO:0048515), and other associated processes that may induce an abnormal state in the testis of triploid fish.
Although spermatogenesis-specific pathways are not annotated in the KEGG or other pathway databases, pathway analyses have often been used to provide indirect assistance in male progenitive analysis [51] . A group of triploid DEGs were enriched in the ''ubiquinone and other terpenoid-quinone biosynthesis pathway.'' Ubiquinone, also known as coenzyme Q 10 , acts as an energy carrier and possesses antioxidant function [52] . Studies suggested a possible involvement of coenzyme Q 10 in sperm biochemistry and in male infertility, and treatment with coenzyme Q 10 led to improvements in sperm motility [53] . Thus, coenzyme Q 10 may have a positive effect in the treatment of asthenozoospermia [53] . In another report, coenzyme Q 10 treatments improved sperm parameters in male infertility patients [54] . In this study, the large number of genes in the ubiquinone and other terpenoid-quinone biosynthesis pathway that are expressed differentially in the triploid fish testis compared to those in the diploid fish testis suggests the possibility that abnormalities in ubiquinone biosynthesis in the testis from triploid fish induces sterility.
The ''apoptosis'' pathway has also been associated with spermatogenesis. Previous studies suggested the importance of the ''apoptotic pathway'' in spermatogenesis and sperm maturation, and raised the possibility that apoptosis was altered 
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in male infertility [55] . The enrichment of DEGs in the apoptosis pathway may indicate abnormalities in germ cell apoptosis in the testis of the triploid fish, possibly leading to abnormal spermatogenesis.
Candidate Genes Associated with Spermiogenesis
Spermiogenesis is the last stage in spermatogenesis, during which round spermatids mature into motile sperm. In cyprinids, spermiogenesis can be divided into four stages [56] , and the orderly formation of the flagellum is a crucial stage for the generation of normal spermatozoa. Based on our functional analysis of the DEGs in the testis of triploid fish, we speculate that a primary cause of sterility in male triploid fish is alteration in the expression levels of certain genes during spermiogenesis.
Flagellar Assembly and Motility Genes
Numerous genes associated with cilia and flagella are essential for assembly, maintenance, and movement of the flagellum in sperm (Table 2) . DNAH (dynein, axonemal, heavy chain), DNAI (dynein, axonemal, intermediate chain), and DNAL (dynein, axonemal, light chain) genes, which, respectively, encode inner dynein heavy, intermediate, and light chains that have microtubule motor activity and ATPase activity, are involved in sperm flagellar assembly, the motility of flagella, and sperm motility [57] [58] [59] . In previous studies, DNAH7 was identified as an inner arm component of human cilia, and abnormal assembly of DNAH7 was identified in primary ciliary dyskinesia patients (an example of male infertility) [60] . Similarly, defects in DNAI1 generated primary ciliary dyskinesia type 1 (CILD1), and reduced fertility was often noticed in male patients due to abnormalities in the sperm FIG. 3 . Hierarchical clustering analysis of the relative expression data between diploid and triploid fish. In the left panel, the sample clustering aligns with two different fishes (diploid/triploid). The color scale in the right plot is dominated by small numbers and is highlighted with an arrow. ''2n-1,'' ''2n-2,'' and ''2n-3'' represent each sample from the diploid fish; ''3n-1,'' ''3n-2,'' and ''3n-3'' represent each sample from the triploid fish.
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flagellum [61] . We noted a reduced expression of DNAH7, DNAH12, DNAI1, and DNAL1 in the testis of triploid fish compared with that in diploid fish, but the DNAH9l gene was overexpressed in the testis of triploid fish. The variation in the expression levels of these dynein genes in the triploid testis may be a critical factor that blocks normal sperm formation and induces the development of abnormal sperm tails during spermiogenesis.
Intraflagellar transport (IFT) genes encode proteins that play important roles in IFT. IFT is the bidirectional movement of substances within cilia and flagella that is essential for assembly and maintenance of these structures [62] . IFT particle proteins are involved in the assembly of the sperm flagella [63] , and mutations in particular IFT proteins can result in sperm with short, abnormal tails, and lead to asthenozoospermia and male infertility [64, 65] . Similar to the ciliary dynein chain genes, four IFT genes exhibited differential expression in the cyprinids. The IFT27 and IFT57 genes were overexpressed in the triploid fish testis, but IFT81 and IFT172 were both reduced in expression in the triploid fish testis. The altered expression of these four IFT genes may directly or indirectly lead to dysfunctions in flagellar formation and sterility of triploid male fish.
The protein encoded by DNAAF (dynein, axonemal, assembly factor) plays an important role in assembling axonemal dynein, and is thereby involved in regulating the assembly and stability of cilia and flagella [66] [67] [68] . We observed low mRNA levels of DNAAF1 in the testis of triploid fish. Mutation of DNAAF1 generates a reduced flagellar beat frequency; deletions or point mutations of DNAAF1 could cause primary ciliary dyskinesia (causing male infertility). We hypothesize that reduced expression of DNAAF1 may also affect the aberrant spermiogenesis in the round spermatid stage in triploids and play a role in the sterility of triploid male fish.
Testis-Specific Candidate Markers for Sterility
Our findings indicated that some testis-specific genes can be used as marker genes to measure male fertility. These specific genes act as important factors or mediators in the process of spermatogenesis.
The Tcte1 gene encodes a novel sperm cell-specific polypeptide, which is required for fertilization [69] . In previous studies, researchers suggested that Tcte1 played an indirect role in fertilization and evolution in mammals [69, 70] . Given this, and the differential expression of Tcte1 that we observed in testis of the different ploidy groups, we suggest that Tcte1 influences fertility in male cyprinid fish.
Tekt1, Tekt3, and Tekt4 are members of the Tektin family, which is involved in the formation of sperm flagella and potentially in flagellar stability and sperm motility [71] . In a past analysis, Tekt1 mRNA was localized to spermatocytes and round spermatids in mouse testis, and was thought to take part in spermatogenesis [72] . A mutation or defect in Tekt1 is an important cause of sperm immobility or asthenozoospermia in humans, dogs, and other species [73] [74] [75] [76] [77] . Similarly, absence of
Tekt4 causes asthenozoospermia and subfertility in male mice [78] . Tekt3 is an evolutionarily conserved male germ cell enriched protein that may play a crucial role in male reproductive development and physiology [79] . In our study, 
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Tekt1 and Tekt4 were expressed at a higher level in the testis of diploid fish than in those of triploid fish, suggesting that the low level of Tekt1 and Tekt4 expression may inhibit the maturation of spermatids into motile spermatozoa in triploid fish. Sperm-associated antigen 17 (Spag17) is a protein-coding gene that is important for the functional and structural integrity of the central apparatus of the sperm axoneme [80] . In Spag17 knockout mice, most cilia were immotile, and 23.7% of the axonemes from homozygous mutant mice were missing the central-pair microtubule; no central-pair microtubules were missing in wild-type mice [80] . Disruption of Spag5 in male mice did not result in a major phenotype, suggesting that Spag5 function may overlap with other genes in spermatogenesis [81] . The functions of Spag9a and Spag1b have not been reported. Similar to the testis-specific genes discussed above, the levels of Spag17, Spag5, Spag9a, and Spag1b expression were lower in the testis of triploid fish than in those of diploid fish, which may lead to disruption of spermatid elongation.
Sperm flagellar 2 (Spef2) is a protein-coding gene, which is critical for sperm tail organization, but its function is unknown. Mutation of Spef2 gene causes immotile short-tailed sperm in pigs [82, 83] . In this study, Spef2 was expressed at a higher level in the testis of diploid fish than in those of triploid fish. Thus, our data reveal that there is a positive correlation between the level of Spef2 expression and male fertility in these fish.
Putative TFs that May Induce Triploid Sterility
A number of studies have shown that disruption of the expression of many TFs results in reduced fertility or infertility of males [84] . In our study, 276 putative TFs were differentially expressed in the triploid fish testis compared to the diploid fish testis, and were suspected of having roles in controlling fertility in male cyprinid fish. Differentially expressed TFs in the triploid fish testis were classified into 48 TF families, including homeobox, high-mobility group, regulatory factor X (RFX), and C2H2 zinc finger. Numerous 
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TFs in these families were reported to significantly impact spermatogenesis [84, 85] . RFX TFs tightly regulate IFT genes, which are critical for the assembly and maintenance of cilia and flagella in Caenorhabditis elegans, Drosophila melanogaster, humans, and other animals [85] . To date, RFX1 has only been detected in late round spermatids, and is thought to be critical during the later stages of spermatogenesis [86, 87] . In this study, Rfx1a, Rfx2, and Rfx3 were expressed at lower levels in the triploid fish testis than in the diploid fish testis. Given the change in expression for the four IFTs, we hypothesize that the reduced expression of Rfx1a, Rfx2, and Rfx3 results in the variations in expression of the four IFTs, which, in turn, disrupts the later stages of spermatogenesis.
The cAMP response element modulator (CREM) is a bZIP TF that is important for spermatogenesis [88] . CREM is essential for spermatid differentiation; the absence of, or mutations in, the Crem gene induce the cessation of round spermatid maturation in male mice [89, 90] . In our study, Crem expression was reduced in the testis of triploid fish relative to that in diploid fish, suggesting that Crem also plays an important role in normal spermatogenesis in cyprinid fish.
In addition to TFs, TcoFs and CRFs are also essential in transcriptional regulation. TcoFs interact with TFs during transcriptional regulation, but do not bind to DNA directly [91] . Chromatin regulation is an important way of regulating gene expression at the transcriptional level [92] , and CRFs participate in changing the structure of chromatin, resulting in complex and specific chromatin regulation. We observed differential expression of 35 putative TcoFs and 6 putative CRFs in the testis in triploid fish relative to that in diploid fish. These results provide new insight into the mechanisms of sterility in male triploid fish.
We evaluated the global gene expression patterns in the testis of diploid and triploid cyprinid fish. Functional analyses of DETs revealed that the molecular mechanism of male sterility in triploid fish was strongly related to disruptions in gene expression during spermiogenesis. Specifically, the expression of genes associated with flagellar assembly and motility, as well as some testis-specific genes, was aberrant. Our results provide a foundation for further characterization of gene expression during spermatogenesis in triploid fish. Further biochemical and physiological research on these candidate marker genes should be implemented in the future.
